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a	 reduction	 in	 the	quality	of	one	habitat	used	can	have	 far‐reach‐
ing	 consequences	 for	 a	 species,	 even	 if	 its	other	habitat(s)	 remain	





South	America	 produce	more	 young	on	 their	 breeding	 grounds	 in	
Canada	 (Norris	et	al.,	2004).	Successful	 conservation	of	migratory	
species	 therefore	 requires	 adequate	 protected	 across	 large‐scale	












Migratory	 shorebirds	 of	 the	 East	 Asian	 Australasian	 Flyway	
(EAAF)	are	an	imperilled	group	of	species	that	use	multiple	habitats	
across	both	large	and	small	spatiotemporal	scales.


















Despite	 the	 focus	on	 intertidal	 habitat	 conservation,	 at	 a	 rela‐




rest,	and	digestion	 (Choi	et	al.,	2014;	Rogers,	2003).	 In	 the	Yellow	
Sea	 and	 elsewhere	 in	 the	 EAAF,	 supratidal	 habitats	 are	 also	 used	
by	 some	shorebirds	 for	 foraging	 (e.g.,	Masero	et	 al.,	 2000;	Green,	
Sripanomyom,	Giam,	&	Wilcove,	2015;	 Lei	 et	 al.,	 2018).	The	 same	
coastal	development	that	has	contributed	to	 intertidal	 flats	 loss	 in	
the	Yellow	Sea	has	also	caused	most	natural	supratidal	wetlands	to	





atively	 little	attention	has	been	given	 in	 the	EAAF	 to	how	coastal	
development	 affects	 the	 complementarity	 between	 intertidal	 and	
supratidal	habitats	for	shorebirds	at	a	site	level,	or	the	management	














dition	by	working	with	 local	 land	custodians	 to	consider	shorebird	habitat	 require‐
ments	when	managing	supratidal	ponds.	This	approach	is	likely	applicable	to	shorebird	
sites	throughout	the	EAAF.
K E Y W O R D S
aquaculture,	China,	coastal	land	use,	land	claim,	shorebirds,	stopover	ecology,	working	coastal	
wetlands






2  | MATERIAL S AND METHODS
2.1 | Study area
The	 coast	 around	 Rudong	 in	 southern	 Jiangsu	 province,	 eastern	
China,	is	one	of	the	most	important	stopover	regions	for	migratory	
shorebirds	in	the	EAAF	(Bai	et	al.,	2015;	Peng	et	al.,	2017;	Conklin	









al.,	2016).	 It	 is	also	 the	most	 important	known	migration	stopover	
site	for	the	Endangered	Nordmann's	Greenshank	Tringa guttifer,	with	




































claimed	 but	 some	 intertidal	 areas	 lower	 down	 the	 shore	 remain;	
Zhang	et	al.,	2011;	Piersma	et	al.,	2017),	and	most	of	the	shoreline	




ering	 remaining	 intertidal	 flats,	generally	only	 “artificial”	 supratidal	
habitat	(i.e.,	habitat	occurring	as	a	result	of	planned	construction	ac‐
tivities	that	have	deliberately	converted	natural	intertidal	flats	into	
























To	quantify	 their	 use	 as	 roosting	 sites,	we	 counted	 shorebirds	
on	 artificial	 supratidal	 habitats	 within	 3	hr	 on	 either	 side	 of	 high	
tide.	Because	we	expected	birds	to	enter	supratidal	habitats	when	
























Curlew	 N. arquata orientalis),	 godwit	 sp.	 (i.e.,	 Bar‐tailed	 Godwit	
Limosa lapponica	 or	 Black‐tailed	Godwit	 L. limosa),	 Sand	 Plover	 sp.	
(i.e.,	 Greater	 Sand	 Plover	 Charadrius leschenaultii	 or	 Lesser	 Sand	
Plover	C. mongolus),	 or	 unidentified	 small/medium	 shorebird	when	
species‐level	identification	was	not	possible.
2.3 | Factors affecting roost site choice
Shorebirds	 choose	 roost	 sites	 that	minimize	predation	 risk,	distur‐
bance,	and	the	energetic	costs	associated	with	travel	distance	from	
foraging	 grounds	 (Jackson,	 2017;	 Luis,	 Goss‐Custard,	 &	 Moreira,	
2001;	 Rogers,	 2003).	 To	minimize	 predation	 risk,	 shorebirds	 tend	
to	avoid	 tall	 vegetation	or	built	 structures,	 favoring	good	visibility	
around	 the	 roost	 (Rogers,	 Piersma,	 &	 Hassell,	 2006;	 Zharikov	 &	
Milton,	2009).	Water	 level	also	 influences	occupancy	and	foraging	
opportunities,	 with	 different	 species	 preferring	 different	 depths	
(Rogers,	 Stamation,	 Loyn,	 &	 Menkhorst,	 2015)	 and	 some	 species	
roosting	 away	 from	 water	 altogether.	 We	 therefore	 recorded	 for	
each	 artificial	 supratidal	 pond	 its	 distance	 to	 the	 seawall;	 water	
cover;	 vegetation	 cover;	 the	 number	 of	 unvegetated	 bunds	 (bund	
meaning	the	banks	surrounding	the	pond,	sometimes	called	berms)	
around	 the	 pond	 (0–4	 for	 each	 rectangular	 pond);	 the	 number	 of	
structures	in	the	vicinity	of	the	pond;	and	pond	size	as	possible	bio‐
physical	variables	affecting	roost	choice	(Table	1).
We	modeled	 total	 shorebird	 abundance	 on	 artificial	 supratidal	
habitats	 in	relation	to	biophysical	variables	using	generalized	linear	





















We	 then	conducted	model	 selection	using	an	 information	 theoretic	








2.4 | Ecological function of supratidal habitats
Supratidal	 habitats	 can	 serve	 different	 ecological	 functions	 for	
shorebirds	 including	 roosting	 habitat,	 supplemental	 foraging	 habi‐
tat,	and/or	preferred	foraging	habitat	(Dias,	Lecoq,	Moniz,	&	Rabaca,	
2013;	Masero	et	al.,	2000).	To	evaluate	ecological	function,	we	sur‐


















count	 periods	 in	 August,	 September,	 and	 October,	 respectively,	
















intertidal	 flats	were	 covered	by	 seawater	was	 as	 follows:	Dongtai	
(undeveloped	 pond):	 17,534	±	3,351,	 maximum	 24	 species	 re‐






























TA B L E  1  Biophysical	survey	variables
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18	±	0.3,	 25	±	0.3,	 and	 2	±	0.6	days	 per	month	 at	Dongtai,	Hai'an,	
Fengli,	Ju	Zhen,	and	Dongling,	respectively	(Supporting	Information	
S5).	On	spring	high	tides,	intertidal	flats	were	covered	for	about	1	hr	
at	Dongtai	 and	more	 than	 4	hr	 at	 Ju	 Zhen.	Given	 the	 semidiurnal	
nature	of	 the	 tides	 in	southern	Jiangsu,	 this	situation	would	occur	
twice	daily	during	 the	 spring	 tide	period.	The	number	of	birds	we	
counted	was	negatively	correlated	with	the	number	of	days	that	in‐
tertidal	 flats	were	 covered	 at	 high	 tide	 (Pearson	 correlation	 coef‐
ficient	=	−0.84;	 Figure	 3),	 suggesting	 birds	 may	 favor	 sites	 where	
intertidal	flats	remain	accessible	for	longer.
3.2 | Factors affecting roost site choice
The	most	supported	model	included	all	variables	except	distance	to	
seawall	 (Table	 3;	 full	model	 output	 in	 Supporting	 Information	 S6).	



















very	 few	 birds	 (Supporting	 Information	 S7).	 Although	 it	 was	 not	
feasible	to	measure	water	depth	directly,	ponds	approaching	100%	
water	cover	appeared	to	contain	water	too	deep	for	shorebirds	to	
stand	 in	 (>20	cm	depth).	Water	 cover	 also	 affected	whether	 birds	
roosted	on	the	bunds	between	ponds	versus	within	the	pond	itself	
(Supporting	Information	S7).
3.3 | Ecological function of supratidal habitats
Mean	 total	 shorebird	 counts	 were	 much	 higher	 when	 intertidal	
flats	were	 covered	 by	 seawater	 than	when	 they	were	 exposed	 in	
all	 regions	except	Dongling	 (where	 intertidal	 flats	were	never	cov‐
ered;	Table	2).	At	low	tide	and	at	high	tides	when	intertidal	flats	re‐
mained	uncovered,	meant	count	at	Dongtai	was	<10%	of	the	mean	





F I G U R E  2  Migratory	shorebirds	occupying	a	bund	between	
active	aquaculture	ponds	in	Hai'an,	Jiangsu	Province,	China
TA B L E  2  Shorebird	survey	results	from	roosting	sites	around	Rudong	in	autumn	2017
Region
Mean count ± SE (n counts); 
intertidal flats covered
Max number of 
species




Dongtai	undeveloped 17,534	±	3,351	(n	=	3) 24 1,382	±	619	(n	=	5) 12
Hai'an	intertidal	flats	roost 5,212	±	1,046b	(n	=	6) 20 5,352c	(n	=	1) 12
Hai'an	aquaculturea 3,355d	±	641	(n	=	4) 19 266d	±	258	(n	=	3) 6
Fengli	aquaculturea 4,810e	(n	=	1) 10 Not	observed N/A
Ju	Zhen	undeveloped 5,107	±	862	(n	=	3) 16 0	(n	=	1) 0
Ju	Zhen	aquaculturea 19d	±	5	(n	=	3) 5 6e	(n	=	1) 2
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(n	=	56	counts),	~7%	at	Ju	Zhen	(n	=	2	counts),	and	~7%	at	Fengli	
(n	=	16	 counts)	 were	 observed	 foraging	 (Supporting	 Information	
S8).	 However,	 the	 proportion	 of	 foraging	 birds	 differed	 by	 spe‐
cies;	 for	example,	at	Fengli	94%	of	Red‐necked	Stints	Calidris ru‐









between	~20,000	 and	~36,000	 shorebirds	 using	 artificial	 habitats	
each	month,	 including	 internationally	 important	 numbers	 of	 eight	
species,	and	believe	these	counts	underestimated	shorebird	abun‐
dance	because:	(a)	we	only	counted	randomly	selected	aquaculture	

















Widespread	 use	 of	 artificial	 supratidal	 habitats	 by	migrating	
shorebirds	 in	Rudong	 is	 unsurprising	because	 the	 intertidal	 flats	
where	they	aggregate	are	covered	by	seawater	during	spring	high	
tides	and	almost	no	natural	supratidal	habitat	remains	in	this	region	
following	extensive	 land	 claim	along	 the	 coast	 (Cai	 et	 al.,	 2017).	
Similar	 behavior	 has	 been	 recorded	 elsewhere	 in	 the	 EAAF,	 for	






TA B L E  3  Candidate	models	of	variables	influencing	shorebird	
abundance	in	artificial	supratidal	ponds
Model AICc df ΔAICc
Null model: Shorebird abundance 
~1 + (1 | Region) + (1 | Pond) 
NULL + Intertidal flats 
cover + Water cover + Vegetation 






















NULL	+	Water	cover 1,007.4 5 26.9
NULL	+	Intertidal	flats	cover 1,017.1 5 36.6










It	 is	nonetheless	clear	 from	our	 results	 that	birds	concurrently	
depend	 on	 natural	 intertidal	 and	 artificial	 supratidal	 habitats	 in	
Rudong.	Few	shorebirds	used	artificial	supratidal	areas	when	inter‐
tidal	 flats	were	 not	 covered	 by	 seawater	 and	most	 shorebirds	 did	
not	appear	to	forage	substantively	in	supratidal	areas.	This	indicates	





in	Rudong	 should	 seek	 to	 identify	 precise	movement	 patterns	 for	
individual	 shorebirds	 between	 intertidal	 feeding	 areas	 and	 supra‐
tidal	 habitats.	 Telemetry	or	mark‐resighting	 studies	 could	be	used	
to	determine	whether	or	not	individual	shorebirds	consistently	use	
supratidal	habitats	closest	to	their	foraging	areas;	if	this	is	the	case,	
prioritizing	management	 at	 supratidal	 sites	 adjacent	 to	 the	 largest	
shorebird	aggregations	(or	target	species	aggregations)	on	intertidal	
flats	would	be	effective.
4.2 | Management of artificial supratidal habitats










below	 100%	 presented	 any	 substantive	 foraging	 opportunity	
(Supporting	 Information	S8).	Distance	to	the	seawall	was	not	 in‐
cluded	 in	 the	 best‐fit	 model,	 likely	 because	 areas	 that	 we	were	
able	 to	survey	were	all	within	2	km	of	 the	seawall	and	therefore	
well	 inside	maximum	observed	 travel	distances	 from	 foraging	 to	
roosting	 sites	 for	 shorebirds	 (Jackson,	 2017;	 Rogers,	 2003).	We	
nonetheless	 included	 this	 variable	 because	 if	 the	 distance	 be‐
tween	supratidal	ponds	and	the	seawall	within	2	km	had	affected	
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areas	of	bare	mud	and	shallow	water	of	different	depths	across	the	
pond);	 and	 (c)	 with	 minimal	 vegetation,	 would	 provide	 significant	
benefits	 to	 multiple	 species,	 particularly	 during	 peak	 migration	
months	when	energy	budgets	are	most	critical.
4.3 | Implementing joined‐up management

















from	 land	claim	for	development	will	 slow.	Several	 intertidal	areas	








Migrating	 shorebirds	 almost	 certainly	 rely	 on	 artificial	 su‐
pratidal	 habitats	 as	 they	 do	 in	Rudong	 across	 several	 regions	 of	
the	EAAF	due	to	similarity	 in	coastal	development	and	 land	use.	
Coastal	 degradation	 associated	 with	 economic	 growth	 is	 wide‐
spread	 across	 China	 (He	 et	 al.,	 2014),	 an	 estimated	 75%	 of	 in‐
tertidal	 flats	have	also	been	 lost	 to	 land	claim	 in	 the	Republic	of	
Korea	(Moores,	Rogers,	Rogers,	&	Hansbro,	2016),	and	supratidal	
land	 use	 patterns	 similar	 to	 Rudong's	 have	 been	 documented	 in	




tion	 (by	volume)	with	China	the	 largest	single	producer	 (Bostock	
et	al.,	2010).	Of	all	land	claim	of	intertidal	flats	between	1977	and	
2015	 along	 the	 central	 Jiangsu	 coast,	 43%	was	 for	 aquaculture	
(Cai	 et	 al.,	 2017),	 and	 aquaculture	 and	 salt	 production	 are	 both	
prevalent	 in	other	coastal	regions	of	China	 (e.g.,	Xu	et	al.,	2016).	
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